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abrasion:

aggradation:

alluvial channel:

alluvial fan:

alluvial stream:

alluvium:

alternating bars:

anabranch:

anabranched stream:

anastomosing stream:

angle of repose:

annual flood:
apron:

apron, launching:

armor (armoring):

GLOSSARY

Removal of streambank material due to entrained sediment, ice, or
debris rubbing against the bank.

General and progressive buildup of the longitudinal profile of a
channel bed due to sediment deposition.

Channel wholly in alluvium; no bedrock is exposed in channel at low
flow or likely to be exposed by erosion.

A fan-shaped deposit of material at the place where a stream issues
from a narrow valley of high slope onto a plain or broad valley of low
slope. An alluvial cone is made up of the finer materials suspended
in flow while a debris cone is a mixture of all sizes and kinds of
materials.

A stream which has formed its channel in cohesive or noncohesive
materials that have been and can be transported by the stream.

Unconsolidated material deposited by a stream in a channel,
floodplain, alluvial fan, or delta.

Elongated deposits found alternately near the right and left banks of
a channel.

Individual channel of an anabranched stream.

A stream whose flow is divided at normal and lower stages by large
islands or, more rarely, by large bars; individual islands or bars are
wider than about three times water width; channels are more widely
and distinctly separated than in a braided stream.

An anabranched stream.

The maximum angle (as measured from the horizontal) at which
gravel or sand particles can stand.

The maximum flow in one year (may be daily or instantaneous).
Protective material placed on a streambed to resist scour.

An apron designed to settle and protect the side slopes of a scour
hole after settlement.

Surfacing of channel bed, banks, or embankment slope to resist
erosion and scour. (a) Natural process whereby an erosion-
resistant layer of relatively large particles is formed on a streambed
due to the removal of finer particles by streamflow; (b) placement of
a covering to resist erosion.
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articulated concrete
mattress:

average velocity:

avulsion:

backfill:

backwater:

backwater area:

bank:
bank, left (right):

bankfull discharge:

bank protection:

bank revetment:

bar:

base floodplain:

bed:

bed form:

bed layer:

Rigid concrete slabs which can move without separating as scour
occurs; usually hinged together with corrosion-resistant cable
fasteners; primarily placed for lower bank protection.

Velocity at a given cross section determined by dividing discharge
by cross sectional area.

A sudden change in the channel course that usually occurs when a
stream breaks through its banks; usually associated with a flood or a
catastrophic event.

The material used to refill a ditch or other excavation, or the process
of doing so.

The increase in water surface elevation relative to the elevation
occurring under natural channel and floodplain conditions. It is
induced by a bridge or other structure that obstructs or constricts the
free flow of water in a channel.

The low-lying lands adjacent to a stream that may become flooded
due to backwater.

The sides of a channel between which the flow is normally confined.
The side of a channel as viewed in a downstream direction.

Discharge that, on the average, fills a channel to the point of
overflowing.

Engineering works for the purpose of protecting streambanks from
erosion.

Erosion-resistant materials placed directly on a streambank to
protect the bank from erosion.

An elongated deposit of alluvium within a channel, not permanently
vegetated.

The floodplain associated with the flood with a 100-year recurrence
interval.

The bottom of a channel bounded by banks.

A recognizable relief feature on the bed of a channel, such as a
ripple, dune, plane bed, antidune, or bar. Bed forms are a
consequence of the interaction between hydraulic forces (boundary
shear stress) and the bed sediment.

A flow layer, several grain diameters thick (usually two) immediately
above the bed.
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bed load:

bed load discharge

(or bed load):

bed material:

bedrock:

bed sediment discharge:

bed shear
(tractive force):

bed slope:
blanket:
boulder:
braid:

braided stream:

bridge opening:

bridge waterway:

bulk density:

bulkhead:

bulking:

catchment:

Sediment that is transported in a stream by rolling, sliding, or
skipping along the bed or very close to it; considered to be within the
bed layer (contact load).

The quantity of bed load passing a cross section of a stream in a
unit of time.

Material found in and on the bed of a stream (May be transported as
bed load or in suspension).

The solid rock exposed at the surface of the earth or overlain by
soils and unconsolidated material.

The part of the total sediment discharge that is composed of grain
sizes found in the bed and is equal to the transport capability of the
flow.

The force per unit area exerted by a fluid flowing past a stationary
boundary.

The inclination of the channel bottom.

Material covering all or a portion of a streambank to prevent erosion.
A rock fragment whose diameter is greater than 250 mm.

A subordinate channel of a braided stream.

A stream whose flow is divided at normal stage by small
mid-channel bars or small islands; the individual width of bars and
islands is less than about three times water width; a braided stream
has the aspect of a single large channel within which are

subordinate channels.

The cross-sectional area beneath a bridge that is available for
conveyance of water.

The area of a bridge opening available for flow, as measured below
a specified stage and normal to the principal direction of flow.

Density of the water sediment mixture (mass per unit volume),
including both water and sediment.

A vertical, or near vertical, wall that supports a bank or an
embankment; also may serve to protect against erosion.

Increasing the water discharge to account for high concentrations of
sediment in the flow.

See drainage basin.
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causeway:

caving:

cellular-block
mattress:

channel:

channelization:

channel diversion:

channel pattern:

channel process:

check dam:

choking (of flow):

clay (mineral):

clay plug:

clear-water scour:

cobble:

concrete revetment:

confluence:

constriction:

contact load:

Rock or earth embankment carrying a roadway across water.

The collapse of a bank caused by undermining due to the action of
flowing water.

Interconnected concrete blocks with regular cavities placed directly
on a streambank or filter to resist erosion. The cavities can permit
bank drainage and the growth of vegetation where synthetic filter
fabric is not used between the bank and mattress.

The bed and banks that confine the surface flow of a stream.
Straightening or deepening of a natural channel by artificial cutoffs,
grading, flow-control measures, or diversion of flow into an
engineered channel.

The removal of flows by natural or artificial means from a natural
length of channel.

The aspect of a stream channel in plan view, with particular
reference to the degree of sinuosity, braiding, and anabranching.

Behavior of a channel with respect to shifting, erosion and
sedimentation.

A low dam or weir across a channel used to control stage or
degradation.

Excessive constriction of flow which may cause severe backwater
effect.

A particle whose diameter is in the range of 0.00024 to 0.004 mm.

A cutoff meander bend filled with fine grained cohesive sediments.
Scour at a pier or abutment (or contraction scour) when there is no
movement of the bed material upstream of the bridge crossing at the
flow causing bridge scour.

A fragment of rock whose diameter is in the range of 64 to 250 mm.

Unreinforced or reinforced concrete slabs placed on the channel
bed or banks to protect it from erosion.

The junction of two or more streams.
A natural or artificial control section, such as a bridge crossing,
channel reach or dam, with limited flow capacity in which the

upstream water surface elevation is related to discharge.

Sediment particles that roll or slide along in almost continuous
contact with the streambed (bed load).
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contraction:

contraction scour:

Coriolis force:

countermeasure:

crib:

critical shear stress:

crossing:

cross section:
current:
current meter:
cut bank:

cutoff:

cutoff wall:

daily discharge:

debris:

degradation (bed):

depth of scour:

design flow (design flood):

The effect of channel or bridge constriction on flow streamlines.

Contraction scour, in a natural channel or at a bridge crossing,
involves the removal of material from the bed and banks across all
or most of the channel width. This component of scour results from
a contraction of the flow area at the bridge which causes an
increase in velocity and shear stress on the bed at the bridge. The
contraction can be caused by the bridge or from a natural narrowing
of the stream channel.

The inertial force caused by the Earth's rotation that deflects a
moving body to the right in the Northern Hemisphere.

A measure intended to prevent, delay or reduce the severity of
hydraulic problems.

A frame structure filled with earth or stone ballast, designed to
reduce energy and to deflect streamflow away from a bank or
embankment.

The minimum amount of shear stress required to initiate soil particle
motion.

The relatively short and shallow reach of a stream between bends;
also crossover or riffle.

A section normal to the trend of a channel or flow.

Water flowing through a channel.

An instrument used to measure flow velocity.

The concave wall of a meandering stream.

(a) A direct channel, either natural or artificial, connecting two points
on a stream, thereby shortening the original length of the channel
and increasing its slope; (b) A natural or artificial channel which
develops across the neck of a meander loop (neck cutoff) or across
a point bar (chute cutoff).

A wall, usually of sheet piling or concrete, that extends down to
scour-resistant material or below the expected scour depth.

Discharge averaged over one day (24 hours).

Floating or submerged material, such as logs, vegetation, or trash,
transported by a stream.

A general and progressive (long-term) lowering of the channel bed
due to erosion, over a relatively long channel length.

The vertical distance a streambed is lowered by scour below a
reference elevation.

The discharge that is selected as the basis for the design or
evaluation of a hydraulic structure.

XVii



dike:

dike (groin, spur, jetty):

discharge:

dominant discharge:

drainage basin:

drift:

eddy current:

entrenched stream:

ephemeral stream:

equilibrium scour:

erosion:

erosion control matting:

fabric mattress:

fall velocity:

An impermeable linear structure for the control or containment of
overbank flow. A dike-trending parallel with a streambank differs
from a levee in that it extends for a much shorter distance along the
bank, and it may be surrounded by water during floods.

A structure extending from a bank into a channel that is designed
to: (a) reduce the stream velocity as the current passes through the
dike, thus encouraging sediment deposition along the bank
(permeable dike); or (b) deflect erosive current away from the
streambank (impermeable dike).

Volume of water passing through a channel during a given time.

(a) The discharge of water which is of sufficient magnitude and
frequency to have a dominating effect in determining the
characteristics and size of the stream course, channel, and bed; (b)
That discharge which determines the principal dimensions and
characteristics of a natural channel. The dominant formative
discharge depends on the maximum and mean discharge, duration
of flow, and flood frequency. For hydraulic geometry relationships, it
is taken to be the bankfull discharge which has a return period of
approximately 1.5 years in many natural channels.

An area confined by drainage divides, often having only one outlet
for discharge (catchment, watershed).

Alternative term for vegetative "debris."

A vortex-type motion of a fluid flowing contrary to the main current,
such as the circular water movement that occurs when the main flow
becomes separated from the bank.

Stream cut into bedrock or consolidated deposits.

A stream or reach of stream that does not flow for parts of the year.
As used here, the term includes intermittent streams with flow less
than perennial.

Scour depth in sand-bed stream with dune bed about which live bed
pier scour level fluctuates due to variability in bed material transport
in the approach flow.

Displacement of soil particles due to water or wind action.

Fibrous matting (e.g., jute, paper, etc.) placed or sprayed on a
stream- bank for the purpose of resisting erosion or providing
temporary stabilization until vegetation is established.

Grout-filled mattress used for streambank protection.

The velocity at which a sediment particle falls through a column of

still water.
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fascine:

fetch:

fetch length:

fill slope:

filter:

filter blanket:

filter fabric (cloth):

fine sediment load:

flanking:

flashy stream:

flood-frequency curve:

floodplain:

A matrix of willow or other natural material woven in bundles and
used as a filter. Also, a streambank protection technique consisting
of wire mesh or timber attached to a series of posts, sometimes in
double rows; the space between the rows may be filled with rock,
brush, or other materials.

The area in which waves are generated by wind having a rather
constant direction and speed; sometimes used synonymously with
fetch length.

The horizontal distance (in the direction of the wind) over which wind
generates waves and wind setup.

Side or end slope of an earth-fill embankment. Where a fill-slope
forms the streamward face of a spill-through abutment, it is regarded
as part of the abutment.

Layer of fabric (geotextile) or granular material (sand, gravel, or
graded rock) placed between bank revetment (or bed protection)
and soil for the following purposes: (1) to prevent the soil from
moving through the revetment by piping, extrusion, or erosion; (2) to
prevent the revetment from sinking into the soil; and (3) to permit
natural seepage from the streambank, thus preventing the buildup of
excessive hydrostatic pressure.

A layer of graded sand and gravel laid between fine-grained material
and riprap to serve as a filter.

Geosynthetic fabric that serves the same purpose as a granular filter
blanket.

That part of the total sediment load that is composed of particle
sizes

finer than those represented in the bed (wash load). Normally, the
fine-sediment load is finer than 0.062 mm for sand-bed channels.
Silts, clays and sand could be considered wash load in coarse
gravel and cobble-bed channels.

Erosion around the landward end of a stream stabilization
countermeasure.

Stream characterized by rapidly rising and falling stages, as
indicated by a sharply peaked hydrograph. Typically associated
with mountain streams or highly disturbed urbanized catchments.
Most flashy streams are ephemeral, but some are perennial.

A graph indicating the probability that the annual flood discharge will
exceed a given magnitude, or the recurrence interval corresponding
to a given magnitude.

A nearly flat, alluvial lowland bordering a stream, that is subject to
frequent inundation by floods.
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flow-control structure:

flow hazard:

flow slide:

fluvial geomorphology:

fluvial system:

freeboard:

Froude Number:

gabion:

general scour:

geomorphology/
morphology:

grade-control structure
(sill, check dam):

graded stream:

gravel:

A structure either within or outside a channel that acts as a
countermeasure by controlling the direction, depth, or velocity of
flowing water.

Flow characteristics (discharge, stage, velocity, or duration) that are
associated with a hydraulic problem or that can reasonably be
considered of sufficient magnitude to cause a hydraulic problem or
to test the effectiveness of a countermeasure.

Saturated soil materials which behave more like a liquid than a solid.
A flow slide on a channel bank can result in a bank failure.

The science dealing with the morphology (form) and dynamics of
streams and rivers.

The natural river system consisting of (1) the drainage basin,
watershed, or sediment source area, (2) tributary and mainstem
river channels or sediment transfer zone, and (3) alluvial fans, valley
fills and deltas, or the sediment deposition zone.

The vertical distance above a design stage that is allowed for
waves, surges, drift, and other contingencies.

A dimensionless number that represents the ratio of inertial to
gravitational forces in open channel flow.

A basket or compartmented rectangular container made of wire
mesh. When filled with cobbles or other rock of suitable size, the
gabion becomes a flexible and permeable unit with which flow- and
erosion-control structures can be built.

General scour is a lowering of the streambed across the stream or
waterway at the bridge. This lowering may be uniform across the
bed or non-uniform. That is, the depth of scour may be deeper in
some parts of the cross section. General scour may result from
contraction of the flow or other general scour conditions such as flow
around a bend.

That science that deals with the form of the Earth, the general
configuration of its surface, and the changes that take place due to
erosion and deposition.

Structure placed bank to bank across a stream channel (usually with
its central axis perpendicular to flow) for the purpose of controlling

bed slope and preventing scour or headcutting.

A geomorphic term used for streams that have apparently achieved
a state of equilibrium between the rate of sediment transport and the
rate of sediment supply throughout long reaches.

A rock fragment whose diameter ranges from 2 to 64 mm.
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groin:

grout:

guide bank:

hardpoint:

headcutting:

helical flow:

hydraulics:

hydraulic model:

hydraulic problem:

hydraulic radius:

hydraulic structures:

hydrograph:
hydrology:

imbricated:

A structure built from the bank of a stream in a direction transverse
to the current to redirect the flow or reduce flow velocity. Many
names are given to this structure, the most common being "spur,"
"spur dike," "transverse dike," "jetty," etc. Groins may be permeable,

semi-permeable, or impermeable.

A fluid mixture of cement and water or of cement, sand, and water
used to fill joints and voids.

A dike extending upstream from the approach embankment at either
or both sides of the bridge opening to direct the flow through the
opening. Some guidebanks extend downstream from the bridge
(also spur dike).

A streambank protection structure whereby "soft" or erodible
materials are removed from a bank and replaced by stone or
compacted clay. Some hard points protrude a short distance into
the channel to direct erosive currents away from the bank. Hard
points also occur naturally along streambanks as passing currents
remove erodible materials leaving nonerodible materials exposed.

Channel degradation associated with abrupt changes in the bed
elevation (headcut) that generally migrates in an upstream direction.

Three-dimensional movement of water particles along a spiral path
in the general direction of flow. These secondary-type currents are
of most significance as flow passes through a bend; their net effect
is to remove soil particles from the cut bank and deposit this material
on a point bar.

The applied science concerned with the behavior and flow of liquids,
especially in pipes, channels, structures, and the ground.

A small-scale physical or mathematical representation of a flow
situation.

An effect of streamflow, tidal flow, or wave action such that the
integrity of the highway facility is destroyed, damaged, or
endangered.

The cross-sectional area of a stream divided by its wetted perimeter.
The facilities used to impound, accommodate, convey or control the
flow of water, such as dams, weirs, intakes, culverts, channels, and
bridges.

The graph of stage or discharge against time.

The science concerned with the occurrence, distribution, and
circulation of water on the earth.

In reference to stream bed sediment particles, having an
overlapping or shingled pattern.
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icing:

incised reach:

incised stream:

invert:

island:

jack:

jack field:

jetty:

lateral erosion:

launching:

levee:

live-bed scour:

load (or sediment load):

local scour:

Masses or sheets of ice formed on the frozen surface of a river or
floodplain. When shoals in the river are frozen to the bottom or
otherwise dammed, water under hydrostatic pressure is forced to
the surface where it freezes.

A stretch of stream with an incised channel that only rarely overflows
its banks.

A stream which has deepened its channel through the bed of the
valley floor, so that the floodplain is a terrace.

The lowest point in the channel cross section or at flow control
devices such as weirs, culverts, or dams.

A permanently vegetated area, emergent at normal stage, that
divides the flow of a stream. Islands originate by establishment of
vegetation on a bar, by channel avulsion, or at the junction of minor
tributary with a larger stream.

A device for flow control and protection of banks against lateral
erosion consisting of three mutually perpendicular arms rigidly fixed
at the center. Kellner jacks are made of steel struts strung with wire,
and concrete jacks are made of reinforced concrete beams.

Rows of jacks tied together with cables, some rows generally
parallel with the banks and some perpendicular thereto or at an
angle. Jack fields may be placed outside or within a channel.

(a) An obstruction built of piles, rock, or other material extending
from a bank into a stream, so placed as to induce bank building, or
to protect against erosion; (b) A similar obstruction to influence
stream, lake, or tidal currents, or to protect a harbor (also spur).

Erosion in which the removal of material is extended horizontally as
contrasted with degradation and scour in a vertical direction.

Release of undercut material (stone riprap, rubble, slag, etc.)
downslope or into a scoured area.

An embankment, generally landward of top bank, that confines flow
during high-water periods, thus preventing overflow into lowlands.

Scour at a pier or abutment (or contraction scour) when the bed
material in the channel upstream of the bridge is moving at the flow
causing bridge scour.

Amount of sediment being moved by a stream.

Removal of material from around piers, abutments, spurs, and

embankments caused by an acceleration of flow and resulting
vortices induced by obstructions to the flow.
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longitudinal profile:

lower bank:

mathematical model:

mattress:
meander or full
meander:

meander amplitude:

meander belt:
meander length:
meander loop:
meander ratio:
meander radius
of curvature:
meander scrolls:

meander width:

meandering stream:

median diameter:

The profile of a stream or channel drawn along the length of its
centerline. In drawing the profile, elevations of the water surface or
the thalweg are plotted against distance as measured from the
mouth or from an arbitrary initial point.

That portion of a streambank having an elevation less than the
mean water level of the stream.

A numerical representation of a flow situation using mathematical
equations (also computer model).

A blanket or revetment of materials interwoven or otherwise lashed
together and placed to cover an area subject to scour.

A meander in a river consists of two consecutive loops, one flowing
clockwise and the other counter-clockwise.

The distance between points of maximum curvature of successive
meanders of opposite phase in a direction normal to the general
course of the meander belt, measured between center lines of
channels.

The distance between lines drawn tangent to the extreme limits of
successive fully developed meanders.

The distance along a stream between corresponding points of
successive meanders.

An individual loop of a meandering or sinuous stream lying between
inflection points with adjoining loops.

The ratio of meander width to meander length.

The radius of a circle inscribed on the centerline of a meander loop.

Low, concentric ridges and swales on a floodplain, marking the
successive positions of former meander loops.

The amplitude of a fully developed meander measured from
midstream to midstream.

A stream having a sinuosity greater than some arbitrary value. The
term also implies a moderate degree of pattern symmetry, imparted
by regularity of size and repetition of meander loops. The channel
generally exhibits a characteristic process of bank erosion and point
bar deposition associated with systematically shifting meanders.

The particle diameter of the 50th percentile point on a size

distribution curve such that half of the particles (by weight, number,
or volume) are larger and half are smaller (Dsg)
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mid-channel bar:

middle bank:

migration:

mud:

natural levee:

nominal diameter:

nonalluvial channel:

normal stage:

overbank flow:

oxbow:

pavement:

paving:

peaked stone dike:

perennial stream:

phreatic line:

pile:

pile dike:

A bar lacking permanent vegetal cover that divides the flow in a
channel at normal stage.

The portion of a streambank having an elevation approximately the
same as that of the mean water level of the stream.

Change in position of a channel by lateral erosion of one bank and
simultaneous accretion of the opposite bank.

A soft, saturated mixture mainly of silt and clay.

A low ridge that slopes gently away from the channel banks that is
formed along streambanks during floods by deposition.

Equivalent spherical diameter of a hypothetical sphere of the same
volume as a given sediment particle.

A channel whose boundary is in bedrock or non-erodible material.
The water stage prevailing during the greater part of the year.

Water movement that overtops the bank either due to stream stage
or to overland surface water runoff.

The abandoned former meander loop that remains after a stream
cuts a new, shorter channel across the narrow neck of a meander.
Often bow-shaped or horseshoe-shaped.

Streambank surface covering, usually impermeable, designed to
serve as protection against erosion. Common pavements used on
streambanks are concrete, compacted asphalt, and soil-cement.

Covering of stones on a channel bed or bank (used with reference
to natural covering).

Riprap placed parallel to the toe of a streambank (at the natural
angle of repose of the stone) to prevent erosion of the toe and
induce sediment deposition behind the dike.

A stream or reach of a stream that flows continuously for all or most
of the year.

The upper boundary of the seepage water surface landward of a
streambank.

An elongated member, usually made of timber, concrete, or steel,
that serves as a structural component of a river-training structure.

A type of permeable structure for the protection of banks against

caving; consists of a cluster of piles driven into the stream, braced
and lashed together.
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piping:

point bar:

poised stream:

probable maximum flood:

quarry-run stone:

railbank protection:

rapid drawdown:

reach:

recurrence interval:

regime:

regime change:

regime channel:

regime formula:

reinforced-earth
bulkhead:

Removal of soil material through subsurface flow of seepage water
that develops channels or "pipes" within the soil bank.

An alluvial deposit of sand or gravel lacking permanent vegetal
cover occurring in a channel at the inside of a meander loop, usually
somewhat downstream from the apex of the loop.

A stream which, as a whole, maintains its slope, depths, and
channel dimensions without any noticeable raising or lowering of its
bed (stable stream). Such condition may be temporary from a
geological point of view, but for practical engineering purposes, the
stream may be considered stable.

A very rare flood discharge value computed by hydrometeorological
methods, usually in connection with major hydraulic structures.

Stone as received from a quarry without regard to gradation
requirements.

A type of countermeasure composed of rock-filed wire fabric
supported by steel rails or posts driven into streambed.

Lowering the water against a bank more quickly than the bank can
drain without becoming unstable.

A segment of stream length that is arbitrarily bounded for purposes
of study.

The reciprocal of the annual probability of exceedance of a
hydrologic event (also return period, exceedance interval).

The condition of a stream or its channel with regard to stability. A
stream is in regime if its channel has reached an equilibrium form as
a result of its flow characteristics. Also, the general pattern of
variation around a mean condition, as in flow regime, tidal regime,
channel regime, sediment regime, etc. (used also to mean a set of
physical characteristics of a river).

A change in channel characteristics resulting from such things as
changes in imposed flows, sediment loads, or slope.

Alluvial channel that has attained, more or less, a state of
equilibrium with respect to erosion and deposition.

A formula relating stable alluvial channel dimensions or slope to
discharge and sediment characteristics.

A retaining structure consisting of vertical panels and attached to

reinforcing elements embedded in compacted backfill for supporting
a streambank.
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reinforced revetment:

relief bridge:

retard (retarder
structure):

revetment:

riffle:

riparian:

riprap:

river training:

rock-and-wire
mattress:

roughness
coefficient:

rubble:

runoff;

sack revetment:

A streambank protection method consisting of a continuous stone
toe-fill along the base of a bank slope with intermittent fillets of stone
placed perpendicular to the toe and extending back into the natural
bank.

An opening in an embankment on a floodplain to permit passage of
overbank flow.

A permeable or impermeable linear structure in a channel parallel
with the bank and usually at the toe of the bank, intended to reduce
flow velocity, induce deposition, or deflect flow from the bank.

Rigid or flexible armor placed to inhibit scour and lateral erosion.
(See bank revetment).

A natural, shallow flow area extending across a streambed in which
the surface of flowing water is broken by waves or ripples. Typically,
riffles alternate with pools along the length of a stream channel.

Pertaining to anything connected with or adjacent to the banks of a
stream (corridor, vegetation, zone, etc.).

Layer or facing of rock or broken concrete dumped or placed to
protect a structure or embankment from erosion; also the rock or
broken concrete suitable for such use. Riprap has also been
applied to almost all kinds of armor, including wire-enclosed riprap,
grouted riprap, sacked concrete, and concrete slabs.

Engineering works with or without the construction of embankment,
built along a stream or reach of stream to direct or to lead the flow
into a prescribed channel. Also, any structure configuration
constructed in a stream or placed on, adjacent to, or in the vicinity of
a streambank that is intended to deflect currents, induce sediment
deposition, induce scour, or in some other way alter the flow and
sediment regimes of the stream.

A flat wire cage or basket filled with stone or other suitable material
and placed as protection against erosion.

Numerical measure of the frictional resistance to flow in
a channel, as in the Manning's or Chezy's formulas.

Rough, irregular fragments of materials of random size used to
retard erosion. The fragments may consist of broken concrete slabs,
masonry, or other suitable refuse.

That part of precipitation which appears in surface streams of either
perennial or intermittent form.

Sacks (e.g., burlap, paper, or nylon) filled with mortar, concrete,

sand, stone or other available material used as protection against
erosion.
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saltation load:

sand:

scour:

sediment or
fluvial sediment:

sediment
concentration:

sediment discharge:

sediment load:

sediment yield:

seepage:

shear stress:
shoal:

sill:

silt:

sinuosity:

slope (of channel
or stream):

slope protection:

sloughing:

slope-area method:

Sediment bounced along the streambed by energy and turbulence
of flow, and by other moving particles.

A rock fragment whose diameter is in the range of 0.062 to 2.0 mm.

Erosion of streambed or bank material due to flowing water; often
considered as being localized (see local scour, contraction scour,
total scour).

Fragmental material transported, suspended, or deposited by water.

Weight or volume of sediment relative to the quantity of transporting
(or suspending) fluid.

The quantity of sediment that is carried past any cross section of a
stream in a unit of time. Discharge may be limited to certain sizes of
sediment or to a specific part of the cross section.

Amount of sediment being moved by a stream.

The total sediment outflow from a watershed or a drainage area at a
point of reference and in a specified time period. This outflow is
equal to the sediment discharge from the drainage area.

The slow movement of water through small cracks and pores of the
bank material.

See unit shear force.
A relatively shallow submerged bank or bar in a body of water.

(a) A structure built under water, across the deep pools of a stream
with the aim of changing the depth of the stream; (b) A low structure
built across an effluent stream, diversion channel or outlet to reduce
flow or prevent flow until the main stream stage reaches the crest of
the structure.

A particle whose diameter is in the range of 0.004 to 0.062 mm.

The ratio between the thalweg length and the valley length of a
stream.

Fall per unit length along the channel centerline or thalweg.

Any measure such as riprap, paving, vegetation, revetment, brush or
other material intended to protect a slope from erosion, slipping or
caving, or to withstand external hydraulic pressure.

Sliding or collapse of overlying material; same ultimate effect as
caving, but usually occurs when a bank or an underlying stratum is
saturated.

A method of estimating unmeasured flood discharges in a uniform
channel reach using observed high-water levels.
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slump:

soil-cement:

sorting:

spill-through
abutment:

spread footing:

spur:

spur dike:

stability:

stable channel:

stage:

stone riprap:

stream:

streambank erosion:

streambank failure:

A sudden slip or collapse of a bank, generally in the vertical
direction and confined to a short distance, probably due to the
substratum being washed out or having become unable to bear the
weight above it.

A designed mixture of soil and Portland cement compacted at a
proper water content to form a blanket or structure that can resist
erosion.

Progressive reduction of size (or weight) of particles of the sediment
load carried down a stream.

A bridge abutment having a fill slope on the streamward side. The
term originally referred to the "spill-through" of fill at an open
abutment but is now applied to any abutment having such a slope.

A pier or abutment footing that transfers load directly to the earth.

A permeable or impermeable linear structure that projects into a
channel from the bank to alter flow direction, induce deposition, or
reduce flow velocity along the bank.

See guide bank.

A condition of a channel when, though it may change slightly at
different times of the year as the result of varying conditions of flow
and sediment charge, there is no appreciable change from year to
year; that is, accretion balances erosion over the years.

A condition that exists when a stream has a bed slope and cross
section which allows its channel to transport the water and sediment
delivered from the upstream watershed without aggradation,
degradation, or bank erosion (a graded stream).

Water-surface elevation of a stream with respect to a reference
elevation.

Natural cobbles, boulders, or rock dumped or placed as protection
against erosion.

A body of water that may range in size from a large river to a small
rill flowing in a channel. By extension, the term is sometimes
applied to a natural channel or drainage course formed by flowing
water whether it is occupied by water or not.

Removal of soil particles or a mass of particles from a bank surface
due primarily to water action. Other factors such as weathering, ice
and debris abrasion, chemical reactions, and land use changes may
also directly or indirectly lead to bank erosion.

Sudden collapse of a bank due to an unstable condition such as
removal of material at the toe of the bank by scour.
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streambank
protection:

suspended sediment
discharge:

sub-bed material:
subcritical,
supercritical flow:

tetrahedron:

tetrapod:

thalweg:

tieback:

timber or brush mattress:

toe of bank:

toe protection:

total scour:

total sediment load:

tractive force:

trench-fill revetment:

Any technique used to prevent erosion or failure of a streambank.

The quantity of sediment passing through a stream cross section
above the bed layer in a unit of time suspended by the turbulence of
flow (suspended load).

Material underlying that portion of the streambed which is subject to
direct action of the flow. Also, substrate.

Open channel flow conditions with Froude Number less than and
greater than unity, respectively.

Component of river-training works made of six steel or concrete
struts fabricated in the shape of a pyramid.

Bank protection component of precast concrete consisting of four
legs joined at a central joint, with each leg making an angle of
109.5° with the other three.

The line extending down a channel that follows the lowest elevation
of the bed.

Structure placed between revetment and bank to prevent flanking.

A revetment made of brush, poles, logs, or lumber interwoven or
otherwise lashed together. The completed mattress is then placed
on the bank of a stream and weighted with ballast.

That portion of a stream cross section where the lower bank
terminates and the channel bottom or the opposite lower bank
begins.

Loose stones laid or dumped at the toe of an embankment, groin,
etc., or masonry or concrete wall built at the junction of the bank and
the bed in channels or at extremities of hydraulic structures to
counteract erosion.

The sum of long-term degradation, general (contraction) scour, and
local scour.

The sum of suspended load and bed load or the sum of bed material
load and wash load of a stream (total load).

The drag or shear on a streambed or bank caused by passing water
which tends to move soil particles along with the streamflow.

Stone, concrete, or masonry material placed in a trench dug behind
and parallel to an eroding streambank. When the erosive action of
the stream reaches the trench, the material placed in the trench
armors the bank and thus retards further erosion.
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turbulence:

ultimate scour:

uniform flow:

unit discharge:

unit shear force

(shear stress):

unsteady flow:

upper bank:

velocity:

vertical abutment:

vortex:

wandering channel:

wandering thalweg:

wash load:

watershed:

Motion of fluids in which local velocities and pressures fluctuate
irregularly in a random manner as opposed to laminar flow where all
particles of the fluid move in distinct and separate lines.

The maximum depth of scour attained for a given flow condition.
May require multiple flow events and in cemented or cohesive soils
may be achieved over a long time period.

Flow of constant cross section and velocity through a reach of
channel at a given time. Both the energy slope and the water slope
are equal to the bed slope under conditions of uniform flow.

Discharge per unit width (may be average over a cross section, or
local at a point).

The force or drag developed at the channel bed by flowing water.
For uniform flow, this force is equal to a component of the gravity
force acting in a direction parallel to the channel bed on a unit
wetted area. Usually in units of stress, Pa (N/m?) or (Ib/ft?).

Flow of variable discharge and velocity through a cross section with
respect to time.

The portion of a streambank having an elevation greater than the
average water level of the stream.

The time rate of flow usually expressed in m/s (ft/sec). The average
velocity is the velocity at a given cross section determined by
dividing discharge by cross-sectional area.

An abutment, usually with wingwalls, that has no fill slope on its
streamward side.

Turbulent eddy in the flow generally caused by an obstruction such
as a bridge pier or abutment (e.g., horseshoe vortex).

A channel exhibiting a more or less non-systematic process of
channel shifting, erosion and deposition, with no definite meanders
or braided pattern.

A thalweg whose position in the channel shifts during floods and
typically serves as an inset channel that conveys all or most of the
stream flow at normal or lower stages.

Suspended material of very small size (generally clays and colloids)
originating primarily from erosion on the land slopes of the drainage
area and present to a negligible degree in the bed itself.

See drainage basin.
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waterway opening
width (area):

weephole:

windrow revetment:

wire mesh:

Width (area) of bridge opening at (below) a specified stage,
measured normal to the principal direction of flow.

A hole in an impermeable wall or revetment to relieve the neutral
stress or pore pressure in the soil.

A row of stone placed landward of the top of an eroding streambank.
As the windrow is undercut, the stone is launched downslope, thus
armoring the bank.

Wire woven to form a mesh; where used as an integral part of a
countermeasure, openings are of suitable size and shape to enclose
rock or broken concrete or to function on fence-like spurs and
retards.
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CHAPTER 1
INTRODUCTION

1.1 PURPOSE

The purpose of this document is to provide guidelines for identifying stream instability
problems at highway-stream crossings. Techniques for stream channel classification and
reconnaissance, as well as rapid assessment methods for channel instability are
summarized. Qualitative and quantitative geomorphic and engineering techniques useful in
stream channel stability analysis are presented.

1.2 BACKGROUND

Approximately 83 percent of the 583 000 bridges in the National Bridge Inventory (NBI) are
built over streams. A large proportion of these bridges span alluvial streams that are
continually adjusting their beds and banks. Many, especially those on more active streams,
will experience problems with aggradation, degradation, bank erosion, and lateral channel
shift during their useful life. The magnitude of these problems is demonstrated by the
average annual flood damage repair costs of approximately $50 million for highways on the
Federal-aid system.

1.3 COMPREHENSIVE ANALYSIS

This manual is part of a set of Hydraulic Engineering Circulars (HEC) issued by the Federal
Highway Administration (FHWA) to provide guidance for bridge scour and stream stability
analyses. The three manuals in this set are:

HEC-18 Evaluating Scour at Bridges'”
HEC-20 Stream Stability at Highway Structures
HEC-23 Bridge Scour and Stream Instability Countermeasures®

The Flow Chart shown in Figure 1.1 illustrates the interrelationship between these three
documents and emphasizes that they should be used as a set. A comprehensive scour
analysis or stability evaluation must be based on information presented in all three
documents.

While the flow chart does not attempt to present every detail of a complete stream stability
and scour evaluation, it has sufficient detail to show the major elements in a complete
analysis, the logical flow of a typical analysis or evaluation, and the most common decision
points and feedback loops. It clearly shows how the three documents tie together, and
recognizes the differences between design of a new bridge and evaluation of an existing
bridge.

The HEC-20 block of the flow chart outlines initial data collection and site reconnaissance
activities leading to an understanding of the problem, evaluation of river system stability and
potential future response. The HEC-20 procedures include both qualitative and quantitative
geomorphic and engineering analysis techniques which help establish the level of analysis
necessary to solve the stream instability and scour problem for design of a new bridge, or
for the evaluation of an existing bridge that may require rehabilitation or countermeasures.
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Figure 1.1. Flow chart for scour and stream stability analysis and evaluation.

1.2



The "Classify Stream," "Evaluate Stream Stability," and "Assess Stream Response" portions
of the HEC-20 block are expanded in Chapter 3 into a six-step Level 1 and an eight-step
Level 2 analysis procedure. In some cases, the HEC-20 analysis may be sufficient to
determine that stream instability and/or scour problems do not exist, i.e., the bridge has a
"low risk" of failure regarding scour susceptibility.

In most cases, the analysis or evaluation will progress to the HEC-18 block of the flow chart.
Here more detailed hydrologic and hydraulic data are developed, with the specific approach
determined by the level of complexity of the problem and waterway characteristics (e.g., tidal
or riverine). The "Scour Analysis" portion of the HEC-18 block encompasses a seven-step
specific design approach which includes evaluation of the components of total scour.

Since bridge scour evaluation requires multidisciplinary inputs, it is often advisable for the
hydraulic engineer to involve structural and geotechnical engineers at this stage of the
analysis. Once the total scour prism is plotted, then all three disciplines must be
involved in a determination of the structural stability of the bridge foundation.

For a new bridge design, if the structure is stable the design process can proceed to
consideration of environmental impacts, cost, constructability, and maintainability or if the
bridge is unstable, revise the design and repeat the analysis. For an existing bridge, a
finding of structural stability at this stage will result in a "low risk" evaluation, with no further
action required. However, a Plan of Action should be developed for an unstable existing
bridge (scour critical) to correct the problem as referenced in HEC-18" and HEC-23.?

The scour problem may be so serious that installing countermeasures would not provide a
viable solution and a replacement or substantial bridge rehabilitation would be required. If
countermeasures would correct the stream instability or scour problem at a reasonable cost
and with acceptable environmental impacts, the analysis would progress to the HEC-23
block of the flow chart.

Hydraulic Engineering Circular 23 provides a range of resources to support bridge scour and
stream instability countermeasure selection and design. A countermeasure matrix in HEC-
23 presents a variety of countermeasures that have been used by State departments of
transportation (DOTSs) to control scour and stream instability at bridges. The matrix is
organized to highlight the various groups of countermeasures and identifies distinctive
characteristics of each countermeasure. The matrix identifies most countermeasures used
and lists information on their functional applicability to a particular problem, their suitability to
specific river environments, the general level of maintenance resources required, and which
DOTs have experience with specific countermeasures. Finally, a reference source for design
guidelines is noted.

HEC-23 includes specific design guidelines for the most common (and some uncommon)
countermeasures used by DOTs, or references to sources of design guidance. Inherent in
the design of any countermeasure are an evaluation of potential environmental impacts,
permitting for countermeasure installation, and redesign, if necessary, to meet environmental
requirements. As shown in the flow chart, to be effective most countermeasures will require
a monitoring plan, inspection, and maintenance.
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1.4 FACTORS THAT AFFECT STREAM STABILITY

Factors that affect stream stability and, potentially, bridge stability at highway stream
crossings can be classified as geomorphic factors and hydraulic factors. Rapid and
unexpected changes can occur in streams in response to human activities in the watershed
and/or natural disturbances of the fluvial system, making it important to anticipate changes in
channel geomorphology, location and behavior. Geomorphic characteristics of particular
interest to the highway engineer are the alignment, geometry, and form of the stream
channel. The behavior of a stream at a highway crossing depends not only on the apparent
stability of the stream at the bridge, but also on the behavior of the stream system of which it
is a part. Upstream and downstream changes may affect future stability at the site. Natural
disturbances such as floods, drought, earthquakes, landslides, forest fires, etc., may result
in large changes in sediment load in a stream and major changes in the stream channel.
These changes can be reflected in aggradation, degradation, or lateral migration of the
stream channel.

Geomorphic factors that can influence stream stability include stream size, flow habit (i.e.,
ephemeral or perennial) and the characteristics of channel boundaries. The bed material of
a stream can be a cohesive material, sand, gravel, cobbles, boulders, or bedrock. Bank
material is also composed of these materials and may be dissimilar from the bed material.
Obviously, the stability and the rate of change in a stream is dependent on the material in the
bed and banks. Other natural factors such as the stream’s relationship to its valley,
floodplain and planform characteristics, and features such as natural levees, incision, and
riparian vegetation are important indicators of stream stability (or instability).

Human-induced changes in the drainage basin and the stream channel, such as alteration of
vegetative cover and changes in pervious (or impervious) area can alter the hydrology of a
stream, sediment vyield, and channel geometry. Channelization, stream channel
straightening, streamside levees and dikes, bridges and culverts, reservoirs, gravel mining,
and changes in land use can have major effects on streamflow, sediment transport, and
channel geometry and location. Geomorphic factors are discussed in detail in Chapter 2.

1.5 IDENTIFICATION AND ANALYSIS OF STREAM STABILITY PROBLEMS

Identification of the geomorphic factors that can affect channel stability in the bridge reach
provides a useful first step in detecting existing or potential channel instability and scour
problems at highway bridges. Consideration of fundamental geomorphic principles can lead
to a qualitative prediction, in terms of trends, of the most likely direction of channel response
to natural and human-induced change in the watershed and river system. However, more
general methods of river classification can also provide insight on potential instability
problems common to a given stream type.

A necessary first step in any channel classification or stability analysis is a field site visit.
Geomorphologists have developed stream reconnaissance guidelines and specific
techniques, including geomorphic assessment checklists, which can be useful to the highway
engineer during a site visit. In addition, a rapid assessment methodology using both
geomorphic and hydraulic factors could help identify the most likely sources of stability
problems in a stream reach. Guidance for reconnaissance, classification, and rapid
assessment techniques, as well as qualitative techniques for evaluating channel response,
are presented in Chapter 4.
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Hydraulic factors which affect stream channel and bridge stability are numerous and include
bed forms and their effects on sediment transport, resistance to flow, flow velocities and flow
depths. They also include the magnitude and frequency of floods; characteristics of floods,
(i.e., duration, time to peak, and time of recession); flow classification (e.g., unsteady,
nonuniform, turbulent, supercritical or subcritical); ice and other floating debris in the flow;
and flow constrictions. Other factors are bridge length, location, orientation, span lengths,
pier location and design; superstructure elevation and design; the location and design of
countermeasures; and the effects of natural and human-induced changes which affect the
hydrology and hydraulic flow conditions of the stream. In the bridge reach, bridge design and
orientation can induce contraction scour and local scour at piers and abutments. Hydraulic
factors are discussed in Chapter 5.

In analyzing stream stability problems, it may be necessary to go beyond a qualitative trends
analysis, particularly if remedial action or countermeasures are required. Quantitative
geomorphic and engineering techniques are available for analyzing bank stability and lateral
and vertical channel stability. In addition, quantitative techniques may be necessary when
channel stability or river restoration design are components of a highway project. Chapter 6
provides an introduction to quantitative geomorphic and engineering techniques useful for
stream stability analyses. Many of these techniques can be applied to the restoration and
rehabilitation of environmentally degraded stream channels. Chapter 7 provides an
introduction to currently available channel restoration guidelines.

1.6 ANALYSIS METHODOLOGY

The evaluation and design of a highway stream crossing or encroachment should begin with
a qualitative assessment of stream stability. This involves application of geomorphic
concepts to identify potential problems and alternative solutions. This analysis should be
followed with quantitative analyses using basic hydrologic, hydraulic and sediment transport
engineering concepts. Such analyses could include evaluation of flood history, channel
hydraulic conditions (up to and including, for example, water surface profile analysis) and
basic sediment transport analyses such as evaluation of watershed sediment yield, incipient
motion analysis and scour calculations. This analysis can be considered adequate for many
locations if the problems are resolved and the relationships among different factors affecting
stability are adequately explained. If not, a more complex quantitative analysis based on
detailed mathematical modeling and/or physical hydraulic models should be considered. A
step-wise methodology for analyzing stream stability problems is presented in Chapter 3.

In general, the solution procedure for analyzing stream stability could involve the following
three levels of analysis:

Level 1: Application of Simple Geomorphic Concepts and other Qualitative Analyses

Level 2: Application of Basic Hydrologic, Hydraulic and Sediment Transport Engineering
Concepts

Level 3: Application of Mathematical or Physical Modeling Studies
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1.7 MANUAL ORGANIZATION
This manual is organized to:

e Familiarize the user with the important geomorphic factors which are indicators of and
contributors to potential and existing stream and bridge stability problems (Chapter 2)

e Provide a procedure for the analysis of potential and existing stability problems (Chapter
3)

e Provide guidance for stream channel reconnaissance and classification, an introduction
to qualitative methods for evaluating channel response, and reference to rapid
assessment techniques (Chapter 4)

e Provide a summary of hydraulic factors that can affect stream stability and quantitative
geomorphic and engineering techniques to assess river channel stability (Chapters 5 and
6)

e Provide an introduction to channel restoration concepts (Chapter 7)

e Provide selected references (Chapter 8)

1.8 DUAL SYSTEM OF UNITS

This edition of HEC-20 uses dual units (S| metric and English). The "English" system of
units as used throughout this manual refers to U.S. Customary units. In Appendix A, the
metric (Sl) unit of measurement is explained. The conversion factors, physical
properties of water in the Sl and English systems of units, sediment particle size grade
scale, and some common equivalent hydraulic units are also given. This edition uses
for the unit of length the meter (m) or foot (ft); of mass the kilogram (kg) or slug; of
weight/force the newton (N) or pound (Ib); of pressure the Pascal (Pa, N/m?) or (Ib/ft?); and of
temperature the degree centigrade (°C) or Fahrenheit (°F). The unit of time is the same in
Sl as in English system (seconds, s). Sediment particle size is given in millimeters (mm), but
in calculations the decimal equivalent of millimeters in meters is used (1 mm = 0.001 m) or
for the English system feet (ft). The value of some hydraulic engineering terms used in the
text in Sl units and their equivalent English units are given in Table 1.1.

Table 1.1. Commonly Used Engineering Terms in Sl and English Units.
Term Sl Units English Units
Length 1m 3.28 ft
Volume 1m’ 35.31 ft°
Discharge 1m’/s 35.31 ft'/s
Acceleration of Gravity 9.81 m/s” 32.2 ft/s”
Unit Weight of Water 9800 N/m’ 62.4 Ib/ft>
Density of Water 1000 kg/m® 1.94 slugs/ft®
Density of Quartz 2647 kg/m® 5.14 slugs/ft’
Specific Gravity of Quartz 2.65 2.65
Specific Gravity of Water 1 1
Temperature °C =5/9 (°F - 32) °F
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CHAPTER 2

GEOMORPHIC FACTORS AND PRINCIPLES

2.1 INTRODUCTION

Most streams that highways cross or encroach upon are alluvial; that is, the streams are
formed in materials that have been and can be transported by the stream. In alluvial stream
systems, it is the rule rather than the exception that banks will erode; sediments will be
deposited; and floodplains, islands and side channels will undergo modification with time.
Alluvial channels continually change position and shape as a consequence of hydraulic
forces exerted on the bed and banks. These changes may be gradual or rapid and may be
the result of natural causes or human activities.

Some streams are not alluvial. The bed and bank material is very coarse, and except at
extreme flood events, does not erode. These streams are classified as sediment supply
deficient, i.e., the transport capacity of the streamflow is greater than the availability of bed
material for transport. The bed and bank material of these streams may consist of cobbles,
boulders or even bedrock. In general these streams are stable, but should be carefully
analyzed for stability at large flows.

A study of the plan and profile of a stream is very useful in understanding stream
morphology. Plan view appearances of streams are varied and result from many interacting
variables. Small changes in a variable can change the plan view and profile of a stream,
adversely affecting a highway crossing or encroachment. This is particularly true for alluvial
streams. Conversely, a highway crossing or encroachment can inadvertently change a
variable, adversely affecting the stream.

This chapter presents an overview of general landform and channel evolutionary processes
to illustrate the dynamics of alluvial channel systems. A checklist of geomorphic properties of
interest to the highway engineer is presented as a framework for identifying and
understanding river channel dynamics. Finally, factors affecting bed elevation changes and
the sediment continuity principle provide an introduction to alluvial channel response to
natural and human-induced change.

2.2 LANDFORM EVOLUTION

Earth scientists (geomorphologists) have historically concerned themselves with
documenting and explaining the changing morphology of the landscape through time. For
example, Figure 2.1 illustrates the changing character of a landscape during a million years
of geologic time. Initially, this type of evolution of landforms would appear to be of no interest
to the highway or bridge engineer, but it serves as an alert that change can be expected at
the scale of individual landforms (hillslopes, channels), and the change can be sufficiently
rapid to cause problems.
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Figure 2.1. The cycle of erosion, proposed by W.M. Davis, drawn by E. Raisz.®

In the extreme case of incised channels (gullies, arroyos) rapid incision is followed by
channel adjustment (deepening, widening) to a new condition of relative stability as erosion
decreases, sediment storage increases and a floodplain develops (Figure 2.2). Simon®
obtained data on the sediment loads transported through incised channels in Tennessee
(Figure 2.3A). The stages of channel evolution shown in Figure 2.2 are reflected in the
changing sediment loads of Figure 2.3A. Note that there is an apparent increase of sediment
load at stage E (Figure 2.3A) as some stored sediment is remobilized.
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Figure 2.2. Evolution of incised channel from initial incision (A, B) and widening (C, D) to
aggradation (D, E) and eventual relative stability; h is bank height.!"
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Field investigations in the upper Colorado River basin have also revealed that the large
arroyos formed by incision of valley-floor alluvium in the latter part of the nineteenth century
are at present storing sediment in newly developed floodplains.'® Daily sediment-load data
were collected starting in 1930. In 1963, upstream dams trapped much of sediment and the
post-1963 record was not used. These incised channels are also behaving as illustrated in
Figure 2.2. At the later stages of adjustment, they are eroding less sediment and storing
large amounts of sediment. As a result, sediment loads at the Grand Canyon gaging station
have decreased, during the period of record, prior to closure of Glen Canyon Dam and other
upstream dams in 1963 (Figure 2.3B). In addition, sediment deposition in Lake Powell
between 1963 and 1986 is only 43 percent of that estimated prior to dam construction,®
which indicates that the channel adjustment process is occurring throughout the upper
Colorado River basin, in a manner similar to that in the incised channels of the southeast
(Figure 2.3A).

Because of climatic differences, the evolutionary changes involved in the complex response
of Figure 2.2 require about 100 years in the southwest but only about 40 years in the
southeast. Additional discussion of complex response of fluvial systems is provided in
Section 4.4.

As the cross section of an incised channel (Figure 2.2) changes through time, the pattern can
also evolve from straight to sinuous (Figure 2.4). In fact, a river that straightens naturally by
meander cutoffs will also evolve to restore the meandering pattern (Figure 2.4, 2.5A). The
downstream shift of meanders (Figure 2.5A) and the cutoff and regrowth of meanders
(Figure 2.5A, B) are all part of the natural evolution of channel patterns through time.

Although the landscape as a whole may appear unchanging except over vast periods of time
(Figure 2.1), components of the landscape can evolve or adjust to human activities (Figures
2.2, 2.3) and hydrologic variations (Figures 2.3, 2.4) during relative short periods of time and
can pose serious problems for the highway engineer.

2.3 GEOMORPHIC FACTORS AFFECTING STREAM STABILITY

2.3.1 Overview

Figure 2.6 introduces a set of geomorphic factors that can affect stream stability. Each of the
geomorphic properties listed in the left column of Figure 2.6 could be used as the basis of a
valid stream characterization at a bridge site. The approach presented here is based on
stream properties observed on aerial photographs and in the field. Its major purpose is to
facilitate the assessment of streams for engineering purposes, particularly regarding lateral
stability of a stream. Common stream types are described and their engineering significance
discussed. Data and observations are derived from a study of case histories of 224 bridge
sites in the United States and Canada."® "

This section is organized according to Figure 2.6. No particular significance is assigned to
the order of the figure, and association of characteristics should not be inferred with
descriptions above or below in the figure. Chapter 4 contains an introduction to more
general stream channel classification systems.
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2.3.2 Stream Size

Stream depth tends to increase with size, and potential for scour increases with depth. Thus,
potential depth of scour increases with increasing stream size.

The potential for lateral erosion also increases with stream size. This fact may be less fully
appreciated than the increased potential for deep scour. Brice et al., cite as examples the
lower Mississippi River, with a width of about 1500 m (5,000 ft), which may shift laterally 30
m (100 ft) or more in a single major flood; the Sacramento River, where the width is about
300 m (1,000 ft), is unlikely to shift more than 8 m (25 ft) in a single flood; and streams
whose width is about 30 m (100 ft) are unlikely to shift more than 3 m (10 ft) in a single
flood."” Except for the fact that the potential for lateral migration increases with stream size,
no generalization is currently possible regarding migration rates.

The size of a stream can be indicated by discharge, drainage area, or some measure of
channel dimensions, such as width or cross-sectional area. No single measure of size is
satisfactory because of the diversity of stream types. For purposes of stream classification
(Figure 2.6), bank-to-bank channel width is chosen as the most generally useful measure of
size, and streams are arbitrarily divided into three size categories on the basis of width. The
width of the stream does not include the width of the floodplain, but floodplain width is an
important factor in bridge design if significant overbank flow occurs.

Bank-to-bank width is sometimes difficult to define for purposes of measurement when one
of the banks is indefinite. This is particularly true at bends, where the outside bank is likely to
be vertical and sharply defined but the inside bank slopes gradually up to floodplain level.
The position of the line of permanent vegetation on the inside bank is the best available
indicator of the bank line, and it tends to be rather sharply defined along many rivers in
humid regions. The width of a stream is measured along a perpendicular line drawn
between its opposing banks, which are defined either by their form or as the riverward edge
of a line of permanent vegetation. For sinuous or meandering streams, width is measured at
straight reaches or at the inflections between bends, where it tends to be most consistent.
For multiple channel streams, width is the sum of the widths of individual, unvegetated
channels.

The National Mapping Division of the U.S. Geological Survey (USGS) uses, insofar as
possible, the so-called "normal" stage or the stage prevailing during the greater part of the
year for representing streams on topographic maps. They find that the "normal" stage for a
perennial river usually corresponds to the water level filling the channel to the line of
permanent vegetation along its banks. Normal stage is also adopted here to define channel
width.

2.3.3 Flow Habit

The flow habit of a stream may be ephemeral, perennial but flashy, or perennial. An
ephemeral stream flows briefly in direct response to precipitation, and as used here, includes
intermittent streams. A perennial stream flows all or most of the year, and a perennial but
flashy stream responds to precipitation by rapid changes in stage and discharge. Perennial
streams may be relatively stable or unstable, depending on other factors such as channel
boundaries and bed material.

2.8



In arid regions, ephemeral streams may be relatively large and unstable. They may pose
problems in determining the stage-discharge relationship and in estimating the depth of
scour. A thalweg that shifts with stage and channel degradation by headcutting may also
cause problems. In humid regions, ephemeral streams are likely to be small and pose few
problems of instability.

2.3.4 Bed Material

Streams are classified, according to the dominant size of the sediment on their beds, as
silt-clay bed, sand bed, gravel bed, and cobble or boulder bed. Accurate determination of
the particle size distribution of bed material requires careful sampling and analysis,
particularly for coarse bed material, but for most of the bed material designations, rough
approximations can be derived from visual observation.

The greatest depths of scour are usually found on streams having sand or sand-silt beds.
The general conclusion is that scour problems are as common on streams having coarse
bed material as on streams having fine bed material. However, very deep scour is more
probable in fine bed material."” In general, sand-bed alluvial streams are less stable than
streams with coarse or cohesive bed and bank material.

2.3.5 Valley Setting

Valley relief is used as a means of indicating whether the surrounding terrain is generally flat,
hilly, or mountainous. For a particular site, relief is measured (usually on a topographic map)
from the valley bottom to the top of the highest adjacent divide. Relief greater than 300 m
(1,000 ft) is regarded as mountainous, and relief in the range of 30 to 300 m (100 to 1,000 ft)
as hilly. Streams in mountainous regions are likely to have steep slopes, coarse bed
materials, narrow floodplains and be nonalluvial, i.e., supply-limited sediment transport rates.
In many regions, channel slope increases as the steepness of valley side slopes increases.
Brice et al., reported no specific hydraulic problems at bridges at 23 study sites in
mountainous terrain, at which all have beds of gravel or cobble-boulder."'” Streams in
regions of lower relief are usually alluvial and exhibit more problems because of lateral
erosion in the channels.

Streams on alluvial fans or on piedmont slopes in arid regions pose special problems. A
piedmont slope is a broad slope along a mountain front, and streams issuing from the
mountain front may have shifting courses and poorly defined channels, as on an alluvial fan.
Alluvial fans are among the few naturally occurring cases of aggradation problems at
transverse highway crossing. They occur wherever there is a change from a steep to a flat
gradient. As the bed material and water reaches the flatter section of the stream, the coarser
bed materials are deposited because of the sudden reduction in both slope and velocity.
Consequently, a cone or fan builds out as the material is dropped with the steep side of the
fan facing the floodplain. Although typically viewed as a depositional zone, alluvial fans are
also characterized by unstable channel geometries and rapid lateral movement. Deposition
tends to be episodic, being interrupted by periods of fan trenching and sediment reworking.

The occurrence of deposition versus fan trenching on an alluvial fan surface are important
factors in the assessment of stream stability at bridge crossings (Figure 2.7). On an
untrenched fan, the sediment depositional zone will be nearer the mountain front, possibly
creating more channel instability on the upper fan surface than on the lower fan surface. In
contrast, a fan that is trenched will promote sediment movement across the fan and move
the depositional zone closer to the toe of the fan, suggesting that the upper fan surface will
be more stable than the lower fan surface. However, the general instability of fan channels
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and their tendency for rapid changes during large floods, and the possible channel avulsion
created by deposition near the fan head, suggest that any location of an alluvial fan surface
is, or could easily become, an area where channel stability is a serious concern to bridge
safety.('? 13

Figure 2.7. Diverse morphology of alluvial fans: (a) area of deposition at fan head,
(b) fan-head trench with deposition at fan toe (after Bull)."

There is considerable similarity between deltas and alluvial fans. Both result from reductions
in slope and velocity, have steep slopes at their outer edges and tend to reduce upstream
slopes. Deposits very similar to a delta develop where a steep tributary enters a larger
stream. The steep channel tends to drop part of its sediment load in the main channel
building out into the main stream. In some instances, drastic changes can occur in the main
stream channel as a result of deposition from the tributary stream. Channels on both alluvial
fans and deltaic deposits commonly change through avulsion, a sudden change in channel
course that occurs when a stream breaks through its banks.

2.3.6 Floodplains

Floodplains are described as the nearly flat alluvial lowlands bordering a stream that are
subject to inundation by floods. Many geomorphologists prefer to define a floodplain as the
surface presently under construction by the stream, which is flooded with a frequency of
about 1.5 years (excluding incised channels, see Section 2.3.8). According to this definition,
surfaces flooded less frequently are terraces, abandoned floodplains, or flood-prone areas.
However, flood-prone areas are considered herein as part of the floodplain. Vegetative
cover, land use, and flow depth on the floodplain are also significant factors in stream
channel stability. In Figure 2.6, floodplains are categorized according to floodplain width
relative to channel width.

Over time, the highlands of an area are worn down, streams erode their banks, and the
material that is eroded is utilized farther downstream to build banks and bars. Streams move
laterally, pushing the highlands back. Low, flat valley land and floodplains are formed. As
streams transport sediment to areas of flatter slopes and, in particular, to bodies of water
where the velocity and turbulence are too small to sustain transport of the material, the
material is deposited forming deltas. As deltas build outward, the upstream portion of the
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channel is elevated through deposition and becomes part of the floodplain. Also, the stream
channel is lengthened and the slope is further reduced. The upstream streambed is filled in
and average flood elevations are increased. As the stream works across the stream valley,
deposition causes the total floodplain to raise in elevation. Hence, even old streams are far
from static. Old rivers meander, and they are affected by changes in sea level, influenced by
movements of the earth's crust, changed by delta formations or glaciation, and subject to
modifications due to climatological changes and as a consequence of man's development.

2.3.7 Natural Levees

Natural levees form during floods as the stream stage exceeds bankfull conditions.
Sediment is then deposited on the floodplain due to the reduced velocity and transporting
capacity of the flood in these overbank areas. The natural levees formed near the stream
are rather steep because coarse material drops out quickly as the overbank velocity is
smaller than the stream velocity. Farther from the stream, the gradients are flatter and finer
materials drop out. Swamp areas are found beyond the levees.

Classification based on natural levees is illustrated in Figure 2.6. Streams with
well-developed natural levees tend to be of constant width and have low rates of lateral
migration. Well-developed levees usually occur along the lower courses of streams or where
the floodplain is submerged for several weeks or months a year. If the levee is breached, the
stream course may change through the breach. Areas between natural levees and the valley
sides may drain, but slowly. Streams tributary to streams with well-developed natural levees
may flow approximately parallel with the larger stream for long distances before entering the
larger stream.

2.3.8 Apparent Incision

The apparent incision of a stream channel is judged from the height of its banks at normal
stage relative to its width. For a stream whose width is about 30 m (100 ft), bank heights in
the range of 1.8 to 3.0 m (6 to 10 ft) are about average, and higher banks indicate probable
incision. For a stream whose width is about 300 m (1,000 ft), bank heights in the range of
3.0 to 5.0 m (10-15 ft) are about average, and higher banks indicate probable incision.
Incised streams tend to be fixed in position and are not likely to bypass a bridge or to shift in
alignment at a bridge. Lateral erosion rates are likely to be slow, except for western arroyos
with high, vertical, and clearly unstable banks.

2.3.9 Channel Boundaries and Vegetation

Although no precise definitions can be given for alluvial, semi-alluvial, or non-alluvial
streams, some distinction with regard to the erosional resistance of the earth material in
channel boundaries is needed. In geology, bedrock is distinguished from alluvium and other
surficial materials mainly on the basis of age, rather than on resistance to erosion. A
compact alluvial clay is likely to be more resistant than a weakly cemented sandstone that is
much older. Nevertheless, the term "bedrock" does carry a connotation of greater resistance
to erosion, and it is used here in that sense. An alluvial channel is in alluvium, a non-alluvial
channel is in bedrock or in very large material (cobbles and boulders) that do not move
except at very large flows, and a semi-alluvial channel has both bedrock and alluvium in its
boundaries. The bedrock of non-alluvial channels may be wholly or partly covered with
sediment at low stages, but is likely to be exposed by scour during floods.
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Most highway stream crossings are over alluvial streams which are susceptible to more
hydraulic problems than non-alluvial streams. However, the security of a foundation in
bedrock depends on the quality of the bedrock!” and the care with which foundation is set.
Serious problems and failures have developed at bridges with foundations on shale,
sandstone, limestone, glacial till, and other erodible rock. The New York State Thruway
Schoharie Creek bridge failure is a catastrophic example of such a failure. Bed material at
the bridge site was highly cemented glacial till which scoured, undermining spread
footings.!"®

Changes in channel geometry with time are particularly significant during periods when
alluvial channels are subjected to high flows, and few changes occur during relatively dry
periods. Erosive forces during high-flow periods may have a capacity as much as 100 times
greater than those forces acting during periods of intermediate and low-flow rates. When
considering the stability of alluvial streams, in most instances it can be shown that
approximately 90 percent of all changes occur during that small percentage of the time when
the flow equals or exceeds dominant discharge. A discussion of dominant discharge may be
found in Hydraulic Design Series No. 6, but the bankfull flow condition is recommended for
use where a detailed analysis of dominant discharge is not feasible."¥

The most significant property of materials of which channel boundaries are comprised is
particle size. It is the most readily measured property, and, in general, represents a
sufficiently complete description of the sediment particle for many practical purposes. Other
properties such as shape and fall velocity tend to vary with size in a roughly predictable
manner.

In general, sediments have been classified into boulders, cobbles, gravel, sands, silts, and
clays on the basis of their nominal or sieve diameters. The size range in each general class
is given in Table 2.1. Note that even when the English system of units is used, sand size
particles and smaller are typically described in millimeters. Noncohesive material generally
consists of silt (0.004 - 0.062 mm), sand (0.062 - 2.0 mm), gravel (2.0 - 64 mm), or cobbles
(64 - 250 mm).

The appearance of the streambank is a good indication of relative stability. A field inspection
of a channel will help to identify characteristics which are associated with erosion rates:

e Unstable banks with moderate to high erosion rates usually have slopes which exceed 30
percent, and a cover of woody vegetation is rarely present. At a bend, the point bar
opposite an unstable cut bank is likely to be bare at normal stage, but it may be covered
with annual vegetation and low woody vegetation, especially willows. Where very rapid
erosion is occurring, the bank may have irregular indentations. Fissures, which represent
the boundaries of actual or potential slump blocks along the bank line indicate the
potential for very rapid bank erosion.

e Unstable banks with slow to moderate erosion rates may be partly reshaped to a stable
slope. The degree of instability is difficult to assess, and reliance is placed mainly on
vegetation. The reshaping of a bank typically begins with the accumulation of slumped
material at the base such that a slope is formed, and progresses by smoothing of the
slope and the establishment of vegetation.
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Table 2.1. Sediment Grade Scale.

Approximate Sieve Mesh Openings

Size (per inch) Class
Millimeters Microns Inches Tyler U.S. Standard
4000-2000 - 180-160 - - Very large boulders
2000-1000 - 80-40 - - Large boulders
1000-500 40-20 Medium boulders
500-250 20-10 Small boulders
250-130 - 10-5 - - Large cobbles
130-64 - 5-2.5 - - Small cobbles
64-32 - 2.5-1.3 - - Very coarse gravel
32-16 - 1.3-0.6 - - Coarse gravel
16-8 - 0.6-0.3 25 - Medium gravel
8-4 - 0.3-0.16 5 5 Fine gravel
4-2 - 0.16-0.08 9 10 Very fine gravel
2.00-1.00 2000-1000 - 16 18 Very coarse sand
1.00-0.50 1000-500 - 32 35 Coarse sand
0.50-0.25 500-250 60 60 Medium sand
0.25-0.125 250-125 115 120 Fine sand
0.125-0.062 125-62 250 230 Very fine sand
0.062-0.031 62-31 - Coarse silt
0.031-0.016 31-16 Medium silt
0.016-0.008 16-8 Fine silt
0.008-0.004 8-4 Very fine silt
0.004-0.0020 4-2 - Coarse clay
0.0020-0.0010 2-1 Medium clay
0.0010-0.0005 1-0.5 Fine clay
0.0005-0.0002 0.5-0.24 - Very fine clay

Eroding banks are a source of debris when trees fall as they are undermined. Therefore,
debris can be a sign of unstable banks and of great concern due to potential blockage of

bridge openings.

Stable banks with very slow erosion rates tend to be graded to a smooth slope of less
than about 30 percent. Mature trees on a graded bank slope are convincing evidence of
bank stability. In most regions of the United States, the upper parts of stable banks are
vegetated, but the lower part may be bare at normal stage, depending on bank height
and flow regime of the stream. Where banks are low, dense vegetation may extend to
the water's edge at normal stage. Where banks are high, occasional slumps may occur
on even the most stable graded banks. Shallow mountain streams that transport coarse

bed sediment tend to have stable banks.
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Active bank erosion can be recognized by falling or fallen vegetation along the bank line,
cracks along the bank surface, slump blocks, deflected flow patterns adjacent to the bank
line, live vegetation in the flow, increased turbidity, fresh vertical faces, newly formed bars
immediately downstream of the eroding area, and, in some locations, a deep scour pool
adjacent to the toe of the bank. These indications of active bank erosion can be noted in the
field and on stereoscopic pairs of aerial photographs. Color infrared photography is
particularly useful in detecting most of the indicators listed above, especially differences in
turbidity."® Figure 2.8 illustrates some of the features which indicate that a bank line is
actively eroding.

Figure 2.8. Active bank erosion illustrated by vertical cut banks, slump blocks, and falling
vegetation.

Bank Materials. Resistance of a streambank to erosion is closely related to several
characteristics of the bank material. Bank material deposited in the stream can be broadly
classified as cohesive, noncohesive, and composite. Typical bank failure surfaces of various
materials are shown in Figure 2.9 and are described as follows:'"

¢ Noncohesive bank material tends to be removed grain by grain from the bank. The rate
of particle removal, and particle movement, and hence the rate of bank erosion, is
affected by factors such as particle size, bank slope, the direction and magnitude of the
velocity adjacent to the bank, turbulent velocity fluctuations, the magnitude of and
fluctuations in the shear stress exerted on the banks, seepage force, piping, and wave
forces. Figure 2.9(a) illustrates failure of banks of noncohesive material from flow slides
resulting from a loss of shear strength because of saturation, and failure from sloughing
resulting from the removal of materials in the lower portion of the bank.
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o Cohesive material is more resistant to surface erosion and has low permeability, which
reduces the effects of seepage, piping, frost heaving, and subsurface flow on the stability
of the banks. However, when undercut and/or saturated, such banks are more likely to
fail due to mass wasting processes. Failure mechanisms for cohesive banks are
illustrated in Figure 2.9(b).

e Composite or stratified banks consist of layers of materials of various sizes, permeability,
and cohesion. The layers of noncohesive material are subject to surface erosion, but
may be partly protected by adjacent layers of cohesive material. This type of bank is also
vulnerable to erosion and sliding as a consequence of subsurface flows and piping.
Typical failure modes are illustrated in Figure 2.9(c).

Piping. Piping is a phenomenon common to alluvial streambanks. With stratified banks, flow
is induced in more permeable layers by changes in stream stage and by waves. If flow
through the permeable lenses is capable of dislodging and transporting particles, the material
is slowly removed, forming “pipes” which undermine portions of the bank. Without this
foundation material to support the overlying layers, a block of bank material drops down and
results in the development of tension cracks as sketched in Figure 2.9(c). These cracks
allow surface flows to enter, further reducing the stability of the affected block of bank
material. Bank erosion may continue on a grain-by-grain basis or the block of bank material
may ultimately slide downward and outward into the channel, with bank failure resulting from
a combination of seepage forces, piping, and mass wasting.

Mass Wasting. Local mass wasting is another form of bank failure. If a bank becomes
saturated and possibly undercut by flowing water, blocks of the bank may slump or slide into
the channel. Mass wasting may be caused or aggravated by the construction of homes on
river banks, operation of equipment adjacent to the banks, added gravitational force resulting
from tree growth, location of roads that cause unfavorable drainage conditions, agricultural
uses on adjacent floodplain, saturation of banks by leach fields from septic tanks, and
increased infiltration of water into the floodplain as a result of changing land-use practices.

Various forces are involved in mass wasting. Landslides, the downslope movement of earth
and organic materials, result from an imbalance of forces. These forces are associated with
the downslope gravity component of the slope mass. Resisting these downslope forces are
the shear strength of the materials and any contribution from vegetation via root strength or
engineered slope reinforcement activities. When the toe of a slope is removed, as by a
stream, the slope materials may move downward into the void in order to establish a new
equilibrium. Often, this equilibrium is a slope configuration with less than original surface
gradient. The toe of the failed mass then provides a new buttress against further
movements. Erosion of the toe of the slope then begins the process over again.

Bank Erosion _and Failure. The erosion, instability, and/or retreat of a stream bank is
dependent on the processes responsible for the erosion of material from the bank and the
mechanisms of failure resulting from the instability created by those processes. Bank retreat
is often a combination of these processes and mechanisms operating at various timescales.
While the detailed analysis of bank stability is, primarily, a geotechnical problem (see for
example, FHWA publications on soil slope stability),""®'® insight on the relationship between
stream channel degradation and bank failure, for example, can be important to the hydraulic
engineer concerned with bank instability. The processes responsible for bank erosion and
bank failure mechanisms are discussed in more detail in Appendix B.
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2.3.10 Sinuosity

Sinuosity is the ratio of the length of a stream reach measured along its centerline, to the
length measured along the valley centerline or along a straight line connecting the ends of
the reach. The valley centerline is preferable when the valley itself is curved. Sometimes,
sinuosity is defined as the ratio of valley slope to stream slope or, more commonly, the ratio
of the thalweg length to the valley length, where the thalweg is the trace of the deepest point
in successive channel cross sections. Straight stream reaches have a sinuosity of one, and
the maximum value of sinuosity for natural streams is about four.

A straight stream, or one that directly follows the valley centerline, sometimes has the same
slope as the valley. As the sinuosity of the stream increases, its slope decreases in direct
proportion. Similarly, if a sinuous channel is straightened, the slope increases in direct
proportion to the change in length.

The size, form, and regularity of meander loops are aspects of sinuosity. Symmetrical
meander loops are not very common, and a sequence of two or three identical symmetrical
loops is even less common. In addition, meander loops are rarely of uniform size. The
largest is commonly about twice the diameter of the smallest. Statistically, the size-frequency
distribution of loop radii tends to have a normal distribution.

There is little relation between degree of sinuosity and lateral stream stability. A highly
meandering stream may have a lower rate of lateral migration than a sinuous stream of
similar size (Figure 2.6). Stability is largely dependent on other properties, especially bar
development and the variability of channel width (see Section 2.3.13).

Streams are broadly classified as straight, meandering or braided. Any change imposed on
a stream system may change its planform geometry.

Straight Streams. A straight stream has small sinuosity at bankfull stage. At low stage, the
channel develops alternate sandbars, and the thalweg meanders around the sandbars in a
sinuous fashion. Straight streams are considered a transitional stage to meandering, since
straight channels are relatively stable only where sediment size and load are small, gradient,
velocities, and flow variability are low, and the channel width-depth ratio is relatively low.
Straight channel reaches of more than 10 channel widths are not common in nature.

Meandering Streams. Alluvial channels of all types deviate from a straight alignment. The
thalweg oscillates transversely and initiates the formation of bends. In a straight stream,
alternate bars and the thalweg are continually changing; thus, the current is not uniformly
distributed through the cross section, but is deflected toward one bank and then the other.
Sloughing of the banks, nonuniform deposition of bed load, debris such as trees, and the
Coriolis force due to the Earth's rotation have been cited as causes for the meandering of
streams. When the current is directed toward a bank, the bank is eroded in the area of
impingement, and the current is deflected and impinges on the opposite bank farther
downstream. The angle of deflection of the current is affected by the curvature formed in the
eroding bank and the lateral depth of erosion. Figure 2.10 shows bars, pools, and crossings
(riffles) typical of a meandering channel (see also Figures 2.4 and 2.5). A more detailed
explanation of the meandering process and flow patterns through meanders is provided in
Chapter 6.
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Figure 2.10. Plan view of a meandering stream.

Sinuous, meandering, and highly meandering streams have more or less regular inflections
that are sinuous in plan view, consisting of a series of bends connected by crossings. In the
bends, deep pools are carved adjacent to the concave bank by the relatively high velocities.
Because velocities are lower on the inside of bends, sediments are deposited in this region,
forming point bars. Also, the centrifugal force in the bend causes a transverse water surface
slope and helicoidal flow with a bottom velocity away from the outer bank toward the point
bar. These transverse velocities enhance point bar building by sweeping the heavier
concentrations of bed load toward the convex bank where they are deposited to form the
point bar. Some transverse currents have a magnitude of about 15 percent of the average
channel velocity.

The bends in meandering streams are connected by crossings (short straight reaches) which
are quite shallow compared to the pools in the bendways. At low flow, large sandbars form
in the crossings if the channel is not well confined. Scour in the bend causes the bend to
migrate downstream and sometimes laterally. Lateral movements as large as 750 m/yr
(2,500 ft/yr) have been observed in large alluvial rivers. Much of the sediment eroded from
the outside bank is deposited in the crossing and on the point bar in the next bend
downstream. The variability of bank materials and the fact that the stream encounters and
produces such features as clay plugs causes a wide variety of river forms. The meander belt
formed is often fifteen to twenty times the channel width.

On a laterally unstable channel, or at actively migrating bends on an otherwise stable
channel, point bars are usually wide and unvegetated and the opposite bank is cut and often
scalloped by erosion. The crescent-shaped scars of slumping may be visible from place to
place along the bank line. The presence of a cut bank opposite a point bar is evidence of
instability. Sand or gravel on the bar appears as a light tone on aerial photographs. The
unvegetated condition of the point bar is attributed to a rate of outbuilding that is too rapid for
vegetation to become established. However, the establishment of vegetation on a point bar
is dependent on factors other than the rate of growth of the point bar, such as climate and
the timing of floods. Therefore, the presence of vegetation on a point bar is not conclusive
evidence of stability. If the width of an unvegetated point bar is considered as part of the
channel width, the channel tends to be wider at bends.
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As a meandering stream system moves laterally and longitudinally, meander loops move at
unequal rates because of unequal erodibility of the banks. This causes the channel to
appear as a slowly developing bulb-form. Channel geometry depends upon the local slope,
bank material, and the geometry of adjacent bends. Years may be required before a
configuration characteristic of average conditions in the stream is attained.

If the proposed highway or highway stream crossing is located near a meander loop, it is
useful to have some insight into the probable way in which the loop will migrate or develop,
as well as its rate of growth. No two meanders will behave in exactly the same way, but the
meanders on a particular stream reach tend to conform to one of the several modes of
behavior illustrated in Figure 2.11, which is based on a study of about 200 sinuous or
meandering stream reaches."”
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Figure 2.11. Modes of meander loop development: (a) extension, (b) translation,
(c) rotation, (d) conversion to a compound loop, (e) neck cutoff by closure,
(f) diagonal cutoff by chute, and (g) neck cutoff by chute (after Brice
and Blodgett).!"?

Mode a (Figure 2.11) represents the typical development of a loop of low amplitude, which
decreases in radius as it extends slightly in a downstream direction. Mode b rarely occurs
unless meanders are confined by artificial levees or by valley sides on a narrow floodplain.
Well developed meanders on streams that have moderately unstable banks are likely to
follow Mode c. Mode d applies mainly to larger loops on meandering or highly meandering
streams. The meander has become too large in relation to stream size and flow, and
secondary meanders develop, converting it to a compound loop. Mode e also applies to
meandering or highly meandering streams, usually of the equiwidth, point-bar type. The
banks have been sufficiently stable for an elongated loop to form without being cut off, but
the neck of the loop is gradually being closed and cutoff will eventually occur at the neck.
Modes f and g apply mainly to locally braided, sinuous, or meandering streams having
unstable banks. Loops are cut off by chutes that break diagonally or directly across the
neck.

Oxbow lakes are formed by the cutoff of meander loops, which occurs either by gradual
closure of the neck (neck cutoffs) or by a chute that cuts across the neck (chute cutoffs).
Neck cutoffs are associated with relatively stable channels, and chute cutoffs with relatively
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unstable channels. Recently formed oxbow lakes along a channel are evidence of recent
lateral migration. Commonly, a new meander loop soon forms at the point of cutoff and
grows in the same direction as the previous meander. Cutoffs tend to induce rapid bank
erosion at adjacent meander loops. The presence of abundant oxbow lakes on a floodplain
does not necessarily indicate a rapid channel migration rate because an oxbow lake may
persist for hundreds of years.

Usually the upstream end of the oxbow lake fills quickly to bank height. Overflow during
floods and overland flow entering the oxbow lake carry fine materials into the oxbow lake
area. The lower end of the oxbow remains open and drainage entering the system can flow
out from the lower end. The oxbow gradually fills with fine silts and clays which are plastic
and cohesive. As the stream channel meanders, old bendways filled with cohesive materials
(referred to as clay plugs) are sufficiently resistant to erosion to serve as semipermanent
geologic controls which can drastically affect planform geometry.

The local increase in channel slope due to cutoff usually results in an increase in the growth
rate of adjoining meanders, and an increase in channel width at the point of cutoff. On a
typical wide-bend point-bar stream, the effects of cutoff do not extend very far upstream or
downstream. The consequences of cutoffs are an abruptly steeper stream gradient at the
point of the cutoff, scour at the cutoff, and a propagation of the scour in an upstream
direction. Downstream of a cutoff, the gradient of the channel is not changed and, therefore,
the increased sediment load caused by upstream scour will usually be deposited at the site
of the cutoff or below it, forming a large bar.

In summary, there is little relation between degree of sinuosity, as considered apart from
other properties, and lateral stream stability."'” A highly meandering stream may have a
lower rate of lateral migration than a sinuous stream of similar size. Assessment of stability
is based mainly on additional properties, especially on bar development and the variability of
channel width. However, many hydraulic problems are associated with the location of
highway crossings at a meander or bend. These include the shift of flow direction (angle of
attack) at flood stage, shift of thalweg toward piers or abutments, development of point bars
in the bridge reach, and lateral channel erosion at piers, abutments, or approaches.

In general, the most rapid bank erosion is generally at the outside of meanders, downstream
from the apex of the loop. The cutoff of a meander, whether done artificially or naturally,
causes a local increase in channel slope and a more rapid growth rate of adjoining
meanders. Adjustment of the channel to increase in slope seems to be largely accomplished
by increase in channel width (wetted perimeter) at and near the point of cutoff.

Some generalizations can be made, from knowledge of stream behavior, about the probable
consequences of controlling or halting the development of a meander loop by the use of
countermeasures. The most probable consequences relate to change in flow alignment (or
lack of change, if the position of a naturally eroding bank is held constant). The development
of a meander is affected by the alignment of the flow that enters it. Any artificial influence on
flow alignment is likely to affect meander form. Downstream bank erosion rates are not likely
to be increased, but the points at which bank erosion occurs are likely to be changed. In the
case where flow is deflected directly at a bank, an increase in erosion rates would be
expected. The failure of a major bridge on the Hatchie River near Covington, Tennessee has
been attributed, in part, to lateral migration of the channel in the bridge reach.”
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2.3.11 Braided Streams

A braided stream is one that consists of multiple and interlacing channels (Figure 2.6). In
general, a braided channel has a large slope, a large bed-material load in comparison with its
suspended load, and relatively small amounts of silts and clays in the bed and banks. The
magnitude of the bed load is more important than its size. If the flow is overloaded with
sediment, deposition occurs, the bed aggrades, and the slope of the channel increases in an
effort to obtain a graded (equilibrium) condition. As the channel steepens, velocity increases,
and multiple channels develop. Multiple channels are generally formed as bars of sediment
and deposited within the main channel, causing the overall channel system to widen.

Multiple, mid-channel islands and bars are characteristic of streams that transport large bed
loads. The presence of bars obstructs flow and scour occurs, either lateral erosion of banks
on both sides of the bar, scour of the channels surrounding the bar, or both. This erosion will
enlarge the channel and, with reduced water levels, an island may form at the site of a gravel
or sand bar. The worst case will be where major bar or island forms at a bridge site. This
can produce erosion of both banks of the stream and bed scour along both sides of the
island. Reduction in the flow capacity beneath the bridge can result as a vegetated island
forms under the bridge. An island or bar that forms upstream or downstream of a bridge can
change flow alignment and create bank erosion or scour problems at the bridge site.

Island shift is easily identified because active erosion at one location and active deposition at
another on the edge of an island can be recognized in the field. Also, the development or
abandonment of flood channels and the joining together of islands can be detected by
observing vegetation differences and patterns of erosion and deposition.

The degree of channel braiding is indicated by the percent of reach length that is divided by
bars and islands, as shown in Figure 2.6. Braided streams tend to be common in arid and
semiarid parts of the western United States and regions having active glaciers.

Braided streams may present difficulties for highway construction because they are unstable,
change alignment rapidly, carry large quantities of sediment, are very wide and shallow even
at flood flow and are, in general, unpredictable. Deep scour holes can develop downstream
of a gravel bar or island where the flow from two channels comes together.

Braided streams generally require long bridges if the full channel width is crossed or effective
flow-control measures if the channel is constricted. The banks are likely to be easily
erodible, and unusual care must be taken to prevent lateral erosion at or near abutments.
The position of braids is likely to shift during floods, resulting in unexpected velocities, angle
of attack, and depths of flow at individual piers. Lateral migration of braided streams takes
place by lateral shift of a braid against the bank, but available information indicates that
lateral migration rates are generally less than for meandering streams. Along braided
streams, however, migration is not confined to the outside of bends but can take place at any
point by the lateral shift of individual braids.

2.3.12 Anabranched Streams

An anabranched stream differs from a braided stream in that the flow is divided by islands
rather than bars, and the islands are large relative to channel width (also called an
anastomosing stream). The anabranches, or individual channels, are more widely and

distinctly separated and more fixed in position than the braids of a braided stream. An
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anabranch does not necessarily transmit flow at normal stage, but it is an active and
well-defined channel, not blocked by vegetation. The degree of anabranching is arbitrarily
categorized in Figure 2.6 in the same way as the degree of braiding was described.

Although the distinction between braiding and anabranching may seem academic, it has real
significance for engineering purposes. Inasmuch as anabranches are relatively permanent
channels that may convey substantial flow, diversion and confinement of an anabranched
stream is likely to be more difficult than for a braided stream. Problems associated with
crossings on anabranched streams can be avoided if a site where the channel is not
anabranched can be chosen. If not, the designer may be faced with a choice of either
building more than one bridge, building a long bridge, or diverting anabranches into a single
channel. Problems with flow alignment may occur if a bridge is built at or near the junction of
anabranches. Where anabranches are crossed by separate bridges, the design discharge
for the bridges may be difficult to estimate. If one anabranch should become partly blocked,
as by floating debris or ice, an unexpected amount of flow may be diverted to the other.

2.3.13 Variability of Width and Development of Bars

The variability of unvegetated channel width is a useful indication of the lateral stability of a
channel. The visual impression of unvegetated channel width on aerial photographs depends
on the relatively dark tones of vegetation as contrasted with the lighter tones of sediment or
water. A channel is considered to be of uniform width (equiwidth) if the unvegetated width at
bends is not more than 1.5 times the average width at the narrowest places.

The relationship between width variability and lateral stability is based on the rate of
development of point bars and alternate bars. If the concave bank at a bend is eroding
slowly, the point bar will grow slowly and vegetation will become established on it. The
unvegetated part of the bar will appear as a narrow crescent. If the bank is eroding rapidly,
the unvegetated part of the rapidly growing point bar will be wide and conspicuous. A point
bar with an unvegetated width greater than the width of flowing water at the bend is
considered to be wider than average. Lateral erosion rates are probably high in stream
reaches where bare point bars tend to exceed average width. In areas where vegetation is
quickly established, as in rainy southern climates, cut banks at bends may be a more reliable
indication of instability than the unvegetated width of point bars.

Three categories of width variability are distinguished in Figure 2.6, but the relative lateral
stability of these must be assessed in connection with bar development and other properties.
In general, equiwidth streams having narrow point bars are the most stable laterally, and
random-width streams having wide, irregular point bars are the least stable. Vertical stability,
or the tendency to scour, cannot be assessed from these properties. Scour may occur in any
alluvial channel. In fact, the greatest potential for deep scour might be expected in laterally
stable equiwidth channels, which tend to have relatively deep and narrow cross sections and
bed material in the size range of silt and sand.

2.22



2.4 AGGRADATION/DEGRADATION AND THE SEDIMENT CONTINUITY CONCEPT

2.4.1 Aggradation/Degradation

Aggradation and degradation are the vertical raising and lowering, respectively, of the
streambed over relatively long distances and time frames. Such changes can be the result
of both natural and man-induced changes in the watershed. The sediment continuity
concept is the primary principle applied in both qualitative and quantitative analyses of bed
elevation changes. After an introduction to the concept of sediment continuity, some factors
causing a bed elevation change are reviewed.

2.4.2 Overview of the Sediment Continuity Concept

The amount of material transported, eroded, or deposited in an alluvial channel is a function
of sediment supply and channel transport capacity. Sediment supply is provided from the
tributary watershed and from any erosion occurring in the upstream channel. Sediment
transport capacity is a function of the sediment size, the discharge of the stream, and the
geometric and hydraulic properties of the channel. When the transport capacity (sediment
outflow) equals sediment supply (sediment inflow), a state of equilibrium exists.

Application of the sediment continuity concept to a single channel reach illustrates the
relationship between sediment supply and transport capacity. Technically, the sediment
continuity concept states that the sediment inflow minus the sediment outflow equals the time
rate of change of sediment volume in a given reach. More simply stated, during a given time
period the amount of sediment coming into the reach minus the amount leaving the
downstream end of the reach equals the change in the amount of sediment stored in that
reach (Figure 2.12). The sediment inflow to a given reach is defined by the sediment supply
from the watershed (upstream of the study reach plus any significant lateral input directly to
the study reach). The transport capacity of the channel within the given reach defines the
sediment outflow. Changes in the sediment volume within the reach occur when the total
input to the reach (sediment supply) is not equal to the downstream output (sediment
transport capacity). When the sediment supply is less than the transport capacity, erosion
